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Abstract—We have developed a broad-band technique for
measuring the relative permittivity of low-k thin films using
microstrip transmission-line measurements. From measurements
of the complex microstrip propagation constantand the charac-
teristic impedance, we determined the relative permittivity of thin
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mately +5% over the entire frequency range.

films incorporated in microstrip lines. We present measurement M‘Cf’;ﬁirigi;‘e‘”id‘h 00

results to 40 GHz for both an oxide and a bisbenzocyclobutene —0—0:56$ 1

low-k thin film and show a variability of permittivity of approxi- ~&- 0.43um ]
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N THIS PAPER, we propose a method of determining

thin-film permittivity that uses microstrip transmission lines Frequency (GHz)
incorporating the thin film. Unlike conventional methods that o _ _ o
are based soIer on a measurement of the mICI’OStI‘Ip propa@' Real and imaginary parts of the effective relative permittivity
e

1 rm|ned solely from the propagation constant.
tion constant, we also measure the characteristic impedance o ? y propag

the microstrip. We use this extra information to separate the
electrical effects of the conductors and thin film and are, thugult to separate the two, and the calculation of the thin film’'s
able to more accurately determine the permittivity of the thipermittivity is problematic.
film. Fig. 1 illustrates the difficulty of separating the properties
When measuring the permittivity of a bulk dielectric mateef the dielectric thin film from those of the metallic conduc-
rial, one might choose one of the many resonator measuremng using only the measured propagation constant. This figure
methods available such as the cylindrical cavity resonator, dhows the effective relative permittivity= —(cy/w)?, wherec
electric post resonator, or the split-post resonator [1]. Howeves the speed of light and is the angular frequency of the signal
because traditional resonator methods have a limited frequen€your planar microstrip lines with center conductor widths of
range and are insensitive to thin low-permittivity (Idy-ma- 4.97, 0.56, 0.43, and 0.3@m that we fabricated on a low-loss
terials, these methods are inappropriate for characterizing tlielectric thin film. While the thin film itself had low losses, the
permittivity of low-£ thin films. effective relative permittivity (and, therefore, the propagation
In an effort to broaden the frequency range and increase meanstant) of the transmission line is both frequency-dependent
surement sensitivity, researchers have developed measureraadtcomplex, and depends heavily on the width of the microstrip
methods that make use of planar tranmission lines such aseater conductor. This complicated behavior of the effective rel-
microstrip and coplanar waveguide, which incorporate the thitive permittivity is due to the losses within the small metallic
film as part of the transmission line. For example, work demicrostrip lines, not to the dielectric properties of the thin film.
scribed in both [2] and [3] determined the permittivity of a thin Previously, we developed several measurement methods
film incorporated in a microstrip transmission line from meafor determining the permittivity of dielectric substrates using
surements of the frequency-dependent propagation congtantoplanar-waveguide transmission-line measurements [5]. One
However, the propagation constant is a function of both the @if these techniques is based on the calibration comparison
electric thin film and metallic conductors that make up the transiethod [6] and uses measurements of both the propagation
mission line [4]. Using only the propagation constant, it is difeonstant and characteristic impedance of the transmission line
to find the permittivity of the substrate. This enables us to
Manuscript received July 31, 2001; revised January 4, 2002. separate the electrical properties of the coplanar-waveguide
M. D. Janezic and D. F. Williams are with the National Institute of Standar@@onductors from those of the substrate.
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Fig. 2. Transmission-line equivalent-circuit model.

determining the propagation constant, as it is independent
impedance mismatches [8].

Reference [9] shows that the calibration comparison meth
measures the characteristic impedarite much more ac-
curately than conventional methods based $#parameter
measurements of a single length of transmission line [1(
thus, we adopted this approach. The calibration comparis
method compares a calibration performed on a set of referer
trans_mlss_lon lines whose characteristic |m_pe_dan(_:e IS kF‘OW”FYS. 3. Typical cross-section of one of the microstrip transmission lines
a calibration performed on a set of tranmission lines with URreasured with a scanning electron microscope.
known characteristic impedance. By modeling the differences

as an impedance transformation, the method determines tl
unknownZ [6]. L
From the measured frequency-dependent propagation co © —
stanty and the characteristic impedangg, we calculated the
distributed capacitanc€’, conductancé, inductancel, and § Microstriil;i;;ewidth
resistanceR per unit length of the microstrip from e b 0.56
5 % L —&~- 0.43 pm
G+ jwC =— Q) £ - 0.36 um
ZO §_ 9
and O g
R+ jwl =~7,. (2) ;
These four distributed circuit parameters correspond to th

equivalent-circuit model for an incremental length of microstrip P S '1'0' B '2'0' S '3'0' S "
transmission line shown in Fig. 2. These parameters are als

related to the dielectric materials and conductors that mak Frequency (GHz)

up the microstrip transmission line. For a quasi-TEM modsgg. 4. Measured capacitance per unit length of a transmission line for four
propagating along a microstrip transmission line made uficrostrip lines that incorporate the BCB thin film. The width of the microstrip
of dielectric material,C' and G are related primarily to the 'es varied from 0.36 to 4.9im.

permittivity of the material incorporated in the transmission

line, while R and L are related to the properties of the trangprobe pads. The Cu features were lined by a 25-nm Ta barrier
mission-line conductors [4]. Thus, by using both the measuradd capped with a 100-nm SiN layer to prevent Cu diffusion.
propagation constant and characteristic impedance, we are aeused a 100-nm SiN trench stop layer for the Sgample

to separate the properties of the dielectric from the propertiesasfd a 100-nm Si@trench stop layer for the BCB lines.

the metallic conductors. Finally, from the physical dimensions

and measured distributed capacitaatef the microstrip lines, [ll. M EASUREMENTS

we are able to determine the permittivity of the lévthin film. We performed a multiline TRL calibration [7] on our mi-

crostrip test structures at frequencies from 50 MHz to 40 GHz
using an automatic network analyzer connected to a microwave
The test structures were manufactured at International S#ebing station to determine the propagation constaraf
MATECH using a 0.25%m dual-damascene Cu process. Wthe transmission line. We then determined the characteristic
fabricated two sets of microstrip lines, one incorporating bismpedanceZ, using the calibration comparison method [6].
benzocyclobutene (BCB) as the lgwthin film, and the other From (1) and (2), we calculated the four circuit parameters
incorporating a conventional oxide (SiPthin film. A cross C, G, R, and L. Figs. 4-7 show’, G, R, and L for the four
section of one of the microstrip lines is shown in Fig. 3. Thmicrostrip transmission lines with varying linewidths.
process sequence to build both samples involved a single-damWe are primarily interested i@ andG, as these are related
ascene metal-1 trench layer, which served as the microstrip lidggctly to the permittivity of the thin film. However, we make a
followed by a dual-damascene metal-2 trench/via layer to forfew observations about the conductor properties from our mea-
the signal transmission line and via contacts to the ground for tharements of? and .. Fig. 6 shows the resistance of the four

Il. TEST STRUCTURES
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Fig. 5. Measured conductance per unit length of a transmission line for fo'J:LIrg 7

microstrip lines that incorporate the BCB thin film. Measured inductance per unit length of a transmission line for four

microstrip lines that incorporate the BCB thin film.

1000

We used RC2, an interconnect analysis module in the
RAPHAEL software, to determine the relationship between
the measured capacitance and permittivity of the kothin

g film. RC2 is a two-dimensional simulator for solving Poisson’s
é - Micgia;i;i:{idth equation, appropriate for the analysis of two-dimensional
- 500} —— 056 ym electrical parameters. It is based on a finite-difference method
5 i o o with an automatically generated rectangular mesh that allows
g | ® DCResistance a completely arbitrary configuration of conductors and di-

electrics. The required inputs for RC2 are the cross-sectional
dimensions of the conductor and dielectric layers, permittivities
Ee%“ of the dielectric layers, and the conductor potentials.
o e Using a scanning electron microscope, we obtained the
cross-sectional dimensions of the conductor and dielectric
Frequency (GHz) layers. To obtain a better estimate of each dimension, we cross
Fig. 6. Measured resistance per unit length of a transmission line for fog€Ctioned each microstrip line at multiple sites and averaged
microstrip lines that incorporate the BCB thin film. Also shown are dc resistan¢he results. Fig. 3 shows an example of a typical cross section
measurements. of one of the microstrip transmission lines. In our measurement
of the BCB thin film, we assumed a relative permittivityof
microstrip lines. As a check, we measured the dc resistanée® and 7.9 for the layers of Siand SiN,, respectively [11].
of the lines, and found good agreement with the resistance gé&us, the remaining unknown is the permittivity of the ldéw-
unit length of line at low frequencies, as is shown in Fig. ghin film.
As expected, as the linewidth of the microstrip line decreases¥Ve used RC2 to comput€ as a function of the thin-film
the resistance increases accordingly. Although the resistancelftmittivity €; . We then fitted a second-order polynomial to the
creases somewhat with frequency for the smaller lines, the dc$énulated data to obtain an equation relatinggheo C'. Fig. 8
sistance is a good approximation to the resistance per unit leng®Wws results of a typical simulation and polynomial fit. We re-
of line over the entire frequency range. peated this process for each microstip linewidth, as the relation-
Fig. 7 shows the measured inductance per unit length of lirfdlip between the thin-film permittivity and the capacitance was
At high frequencies, the majority of the total inductance is froifferent in each case. Finally, we substituted the measured ca-
the external inductance of the tranmission line and is flat vers@acitance into the equation obtained by the polynomial fit, and
frequency. However, as the frequency decreases, the eleck@mputeds;, as a function of frequency.
magnetic fields penetrate further into the conductors of the mi-In order to verify the validity of this technique, we first
crostrip line, and the resulting self-inductance increases the tdgfiricated microstrip tranmission lines that incorporated silicon

0 10 20 30 40

inductance slightly. oxide. Fig. 9 shows the permittivity of the silicon oxide for
the four microstrip lines of varying linewidths. The measured
IV. THIN-FILM PERMITTIVITY permittivity is consistent for silicon dioxide [11] and there is

. ) . o _approximately at5% variation in permittivity over the entire
Fig. 4 shows that the capacitance of the microstrip is relativeiyaquency range.

flat over the entire frequency range. As expected, the microstrip
lines with smaller linewidths have a capacitance significantly
lower than that of the 4.974m-wide microstrip line. 1RC2, Synipsys Inc., Mountain View, CA.
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Fig. 8. Permittivity of BCB thin film as a function of capacitance as calculated. . e _— .
with a finite-difference simulator. The fitted line is a second-order polynomi I'9- 10.  Relative permittivity of BCB thin film as a function of frequency.
fit to the simulated data.
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Fig. 9. Relative permittivity of oxide thin film as a function of frequency.

crostrip is much greater than the dielectric loss for the entire
We then used the method to characterize the permittivity fifequency range. Although this plot shows why a measurement
the BCB thin film. Fig. 10 shows the permittivity of the BCBof the low+ thin film is infeasible, it also shows that the de-
thin film for the four microstrip lines of varying linewidths. As signer can neglect the dielectric loss of the lbwhin film since
in the case of the silicon dioxide, there is less tHe5%6 varia- metallic conductors are the primary source of losses in the trans-
tion in the permittivity over the entire frequency range. mission line.

V. CONDUCTANCE VI. CONCLUSIONS

Fig. 5 shows the measured conductance of the microstripThis paper has presented a new measurement method for de-
lines. Unfortunately, determining the loss tangent of the kow+termining the permittivity of lowk thin films by incorporating
thin film from the conductance proved to be problematic. Firgthem in microstrip transmission lines. The advantage of this
the conductance is a measure of all the dielectric losses in trateshnique is the ability to separate the electrical properties of
mission line. This includes not only the lokvthin film, but the metal conductors from the electrical properties of the thin
also thin layers of Si@ and SiN, whose loss tangents we ddilm by separate measurements of the propagation corastaht
not know. Therefore, at best, only the loss tangent due to Hike characteristic impedance of the microstrip line. From the
the dielectric layers might be determined. Secondly, the respgopagation constant and characteristic impedance, we deter-
tive losses due to the metal conductors are much greater thanrttieed the measured distributed capacitance and conductance
dielectric losses due to the lokthin film, greatly reducing the of the microstrip line. Knowing the physical dimensions of the
measurement sensitivity necessary to measure dielectric losggsrostrip lines, we were able to relate the thin-film permit-
Fig. 11 compares?/wL, a unitless measure of the metallidivity to the measured capacitance by using a finite-difference
losses, td7/wC, a unitless measure of the thin-film dielectricsolver. We demonstrated the technique for both an oxide and
losses. This figure shows that the conductive loss of the nBCB low-k thin film and found approximately &5% varia-
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tion in the thin-film permittivity over the frequency range fro
50 MHz to 40 GHz for microstrip lines of various linewidths.

Although we were unable to calculate the loss tangent of t
thin films from the measured conductance, we did show that
conductor losses of these particular microstrip lines were sig
icantly higher than the dielectric losses in the thin film, and t
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dielectric losses could, therefore, be neglected in determini
the performance of the transmission line.
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